Background: Despite therapeutic advances, survival with glioblastoma multiforme (GBM) remains below 15 months from diagnosis due to GBM's highly infiltrative nature which precludes complete surgical resection. Patient outcomes could potentially be improved by targeting genes and pathways that drive neoplastic cell motility and invasiveness, including hypoxia-inducible factor-1 (HIF-1α), NOTCH, and aspartate-β-hydroxylase (ASPH). Methods: Human astrocytoma biopsy specimens (n = 37), WHO Grades II-IV, were analyzed for levels and distributions of ASPH and HIF-1α immunoreactivity by immunohistochemical staining, and ASPH, Notch, JAG, HES1, HEY1 and HIF1α mRNA expression by quantigene multiplex analysis. The effects of small molecule inhibitors on ASPH's catalytic activity, cell viability and directional motility were examined in vitro in established GBM cell lines and primary tumor cells from an invasive mouse model of GBM. Results: The highest grade astrocytoma, i.e. GBM was associated with the highest levels of ASPH and HIF1α, and both proteins were more abundantly distributed in hypoxic compared with normoxic regions of tumor. Furthermore, mining of the TCGA database revealed higher levels of ASPH expression in the mesenchymal subtype of GBM, which is associated with more aggressive and invasive behavior.
Introduction
In the United States, the annual incident rate of adult human primary brain tumors is about 17,000. Glioblastoma Multiforme (GBM) is the most common malignant primary brain tumor and despite advances in chemotherapy, neurosurgery, and radiation, median survival remains between 12 and 15 months following diagnosis [1, 2] . Furthermore, among all adult malignancies, GBM is the 4th highest in mortality, shortening life expectancy by an average of 23 years. Its aggressive migratory and infiltrating growth along the vessels, dendrites, and white matter fibers renders GBM difficult to resect and treat effectively. Novel measures are sorely needed to address these problems and improve therapeutic outcomes for GBM.
Several key pathophysiological processes are known to drive invasive growth of GBM. For example, necrosis and attendant hypoxia activate HIF-1α signaling, whilst amplification or constitutive activation of epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR) and insulin-like growth factor receptor (IGFR) tyrosine kinases promote aggressive tumor cell growth and β-hydroxylase (ASPH; termed AAH in older literature) has been implicated in the cross-talk among all of these signaling pathways [4, 5, 6] . Correspondingly, ASPH is expressed at high levels in many malignant neoplasms of different histogeneses [4, 7, 8] , and at very low levels or not at all in most normal cells and tissues, including brain [4, 5, 9, 10, 11, 12, 13] . ASPH's aggressive pro-tumor effects are mediated by gene over-expression, and/or high levels of its protein with attendant increased catalytic activity [4, 9, 14, 15] . Besides ASPH, Humbug, one of its isoforms that lacks a catalytic domain and has a probable role in cell adhesion/ calcium flux, is also over-expressed in malignant neoplasms. Like ASPH, high levels of Humbug correlate with aggressive tumor cell behavior and worsened clinical prognosis [4, 8] .
Given its importance as a potential biomarker and demonstrated prognosticator of clinical course, we designed the current study to determine the degree to which ASPH expression correlates with tumor grade, infiltrative growth, and progressionfree survival in patients with astrocytomas. In addition, we sought to correlate ASPH expression with other molecular mediators of tumor cell motility and invasiveness, i.e. Notch and HIF-1α signaling networks. Furthermore, we mined data in The Cancer Genome Atlas (TCGA) database to assess associations between ASPH expression and molecular subtypes of GBM. Finally, we conducted in vitro experiments to determine the degree to which treatment of astrocytoma cells with small molecule inhibitors of ASPH's catalytic activity would be sufficient to decrease cell motility and invasion. The research design was focused on ASPH rather than Humbug because the Type 2 transmembrane structure of ASPH renders its critical catalytic domain accessible to small molecule inhibitor [15, 16] and immune [17, 18] targeting, as demonstrated in other malignancies.
Materials and methods

Ethics statement
The investigation was conducted in accordance with the ethical standards according to the Declaration of Helsinki, national and international guidelines and was approved by the institutional review board at Lifespan Academic Institutions.
Human subjects
were censored at time of tumor progression and death (with or without evidence of tumor progression).
Post-contrast, standard two-dimensional T1-weighted magnetic resonance imaging (MRI) studies were done pre-and post-surgery, and one month after completion of standard treatment with temozolomide and 60 Gy radiation.
Thereafter, the MRI exams were repeated every two months until tumor progression or pseudo-progression was documented. Tumor progression was diagnosed based on modified Macdonald criteria [19] using post-contrast standard imaging as described above. Progressive disease was defined as clinical deterioration, the presence of new measurable, contrast-enhancing lesions, or a 25% increase in volume relative to previously measured enhancing lesions. Pseudo-progression was designated as transient contrast enhancement within the original radiation field that later stabilized or resolved. Volume enhancements of baseline post-operative and all subsequent post-operative MRI exams were computed using a constrained threshold-based segmentation strategy (IBSuite, Imaging Biometrics, Milwaukee, WI). Survival was calculated from the date of initial surgery.
Immunohistochemistry
Paraffin-embedded histological sections were immunostained to detect ASPH and HIF-1α as previously described [9, 11] . In brief, after deparaffinization in xylenes and rehydration through graded alcohol solutions, endogenous peroxidase was blocked by a 20-minute room temperature (RT) incubation in 0.6% H 2 O 2 in methanol with gentle platform agitation. Non-specific binding sites were blocked by a 30-minute incubation in normal horse serum (1%). Adjacent sections were incubated with 1-2 μg/ml of mouse monoclonal antibodies to ASPH (A85G6 and A85E6) [20] or HIF1α (ab1-250 from Abcam, Cambridge, MA) over night at 4°C.
Immunoreactivity was detected using the avidin-biotin horseradish peroxidase complex system (Dako, Carpinteria, CA) following the manufacturer's protocol and using diaminobenzidine as the substrate. All incubations were carried out in humidified chambers. Between steps, slides were rinsed in three 5-minute changes of buffer (phosphate buffered saline) with gentle platform agitation. Slides were counterstained lightly with hematoxylin at the end of the immunostaining protocol. Tissue sections were preserved under coverglass using permanent mounting medium.
internal control gene since its levels were invariant with glioma grade or the presence of a 17p/19q deletion. The assay was configured to utilize magnetic beads (Luminex) and a MAGPIX platform. After subtracting probe-related background from target median fluorescence intensity (MFI), results were normalized to HPRT1 and unpaired T-tests were used for intergroup statistical comparisons. In addition, Kaplan Meier curves generated with data from samples with low ASPH (MFI <30) versus high ASPH (MFI >30) expression were compared using the Mantel Cox log rank test.
TCGA gene expression analysis
To extend our analysis of ASPH expression in human gliomas in relation to GBM subtypes, we interrogated microarray platform results from a public database. This was accomplished by retrieving median expression data for 207 GBM samples used in the study by Verhaak et al. [21] via the TCGA data portal (https://tcga-data.
nci.nih.gov/tcga). Sample data were rearranged to group tumors into the four TCGA defined molecular subclasses [21] . The TGCA database provides information about the molecular classification of tumors and overall survival, but not responsiveness to treatment. Sample data were rearranged to group tumors into the four TCGA defined molecular subclasses [22] . For further analysis, the resulting file was converted to a gct file that was compatible with the GenePattern software available from the Broad Institute (Cambridge, MA). We then compared the mean relative expression levels of all genes of interest across the four molecular subtypes of GBM (Table 1 ).
In vitro experiments
We used in vitro experiments to correlate ASPH expression with cell growth, viability, and motility, and examine the effects of small molecule inhibitors of ASPH's catalytic activity on glioma cell motility. Two experimental models were used: established human GBM cell lines including A172 and U87 (ATCC), and murine WTEGFR and EGFRVIII GBM cells derived from unique in vivo invasive models of GBM [23] . The WTEGFR cell line was induced by WTEGFR/TGFA expression, and the EGFRVIII cells were derived by inducing the mouse model with the EGFRVIII construct. Both cell lines were provided as a generous gift from Dr. A. Charest (Department of Neurosurgery, Tufts University Medical Center). All cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 4.5% glucose, 10% Fetal Bovine Serum, 4 mM glutamine and 100 mg/ml penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA), and incubated at 37C in a standard humidified CO 2 incubator.
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ASPH inhibitor experiments
Small molecule chemical inhibitors of ASPH were used to examine effects of ASPH inhibition of GBM cell viability and motility. Exploratory studies screened a panel of 14 MO-Is to assess their effects on GBM cell viability (Alamar blue assay). The small molecules included in the MO-I panel were independently shown to inhibit ASPH's catalytic activity (provided by Dr. Mark Olsen) [15] . The goal of the initial screening was to select suitable MO-Is and optimize the culture treatment doses for subsequent experiments aimed at characterizing their inhibitory effects on GBM viability, expression of ASPH, and directional motility, as previously described [7, 15] . We identified 4 (MO-I-1100, MO-I-400, MO-I-500 and MO-I-1151) that had efficacy in GBM cells.
Cell viability assay
Cell viability was measured using the Alamar Blue assay (Promega, Madison, WI) according to the manufacturer's protocol. In brief, sub-confluent 96-well cultures were treated with vehicle (DMSO) or a single MO-I for 24 or 48 with daily changes of the medium and fresh addition of the MO-I. Alamar blue was added directly to the cultures, and after 3 hours incubation at 37°C, fluorescence intensity was measured (Ex570/Em585 nm; arbitrary Relative Fluorescence Units = RFU). Six replicate cultures were assayed per treatment. Inter-group comparisons were made by one-way ANOVA with post hoc Tukey significance tests. 
Directional motility assay
Directional cell motility was measured using the 24-well Boyden chamber type Cytoselect cell migration and invasion assay (Cell Biolabs Inc., San Diego, CA) according to manufacturer's protocol. In brief, cells seeded in 10 cm plates were treated for 24 hours with vehicle or one of the inhibitors. The treated cells were then harvested and re-suspended in serum free media (0.5 × 10 6 cells/ml). Full media containing 10% FBS was added as a trophic agent in the wells, below the culture inserts. 300 μl of the cell resuspensions were added to the culture inserts.
After 6 hours incubation at 37°C, the media from the culture inserts was removed by aspiration and non-migrated cells adherent to the inner surface of the culture insert membrane were removed with a cotton tip swab. The culture inserts were fixed, stained, and then dried. Cellular stain was eluted and absorbance (560 nm), which correlates linearly with cell number, was measured in a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). Six replicate assays per condition were used for statistical comparisons.
Western blot analysis
ASPH protein expression was measured by Western blot analysis as previously described [4] . Polyclonal ASPH antibody [16] was generated and characterized by 21st Century Biochemicals, Inc. (Marlboro, MA) using recombinant protein. The antibody binds to epitopes within both the N-terminus and C-terminus of the protein [16] . The N-terminus is virtually identical to Humbug, whereas the C-terminus is specific for ASPH [24] . The full length of ASPH is ∼86 kD. However, Humbug and ASPH spontaneously cleave in vivo, resulting in several bands between ∼35 kD and ∼56 kD. Moreover, ASPH is phosphorylated by GSK-3β, resulting in upward shifts in Mr, including at ∼140 kD [20] . Polyclonal anti-ASPH, which recognizes both N-and C-terminal domains, was used in these experiments because the monoclonal antibodies were generated in mice, and one goal was to compare effects of small molecule catalytic inhibitors on ASPH expression in murine and human GBM cell lines.
In brief, cultured cells were lysed in Pierce RIPA buffer (Thermo Scientific, Rockford, IL, USA) containing a protease inhibitor cocktail and 100 μg/ml PMSF, and lysates were clarified by centrifugation at 14,000xg for 15 min at 4°C. The supernatants were used for Western blotting. Protein concentrations were measured using the bicinchoninic (BCA) assay (Pierce; Thermo Scientific). Samples containing 30 μg protein were fractionated by SDS-PAGE under reducing conditions. Proteins transferred to nitrocellulose membranes were blocked in Superblock-TBS (Thermo Scientific) and probed with rabbit polyclonal antibody to ASPH (1:1000) by overnight incubation at 4°C with gentle platform agitation.
Immunoreactivity was detected with horseradish peroxidase conjugated goat anti rabbit antibody (1:10,000; 1hr, room temperature) followed by Pierce Supersignal West Pico chemiluminescence reagent (Thermo Scientific). ASPH antibody was diluted in Tris-buffered saline containing 0.05% Tween-20 and 0.5% BSA (TBST-BSA), and goat anti-rabbit secondary antibody was diluted in TBST containing 0.5% casein. Membranes were washed at room temperature with 3 changes of TBST with gentle platform agitation.
sh-ASPH experiments
To confirm that the responses to the MO-Is were mediated by inhibition of ASPH, additional experiments examined effects of sh-ASPH on GBM cell viability and directional motility. To generate lentivirus-sh-ASPH (Lenti-sh-ASPH) and 
Lenti-sh-ASPH and Lenti-EV transductions
U87 and A172 cells seeded into 6-well plates were incubated overnight to achieve 40% to 60% confluency. After vacuum suctioning the culture medium, the cells were incubated with 2 ml/well of Lentivirus stock (Lenti-sh-ASPH or Lenti-EV) diluted 1:2 in medium containing 10% FBS plus polybrene (final concentration 6 μg/ml). 24 hours post-transduction, the medium was replaced with fresh medium containing 10% FBS and 1 μg/ml puromycin. The cells were used in experiments 72 hours post-transduction. Exploratory studies determined that the 72-hour time point was optimum for ASPH inhibition and minimizing cell loss due to attendant impairments in cell adhesion.
Measurement of ASPH immunoreactivity in transduced cells
ASPH protein expression in U87 and A172 cells transduced with Lenti-sh-ASPH or Lenti-EV was examined by Western blot analysis and duplex enzyme-linked immunosorbent assay (ELISA) [25] . The primary antibodies used to detect ASPH included polyclonal anti-ASPH, and the A85G6 and A85E6 monoclonal antibodies. Polyclonal anti-ASPH broadly detects ASPH, Humbug, and related cleavage products. A85E6 detects the N-terminal region of ASPH and Humbug.
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A85G6 detects the C-terminal region of ASPH present in the full-length protein and cleavage products. Since Humbug's amino acid sequences are identically represented in the N-terminal region of ASPH, it is not possible to distinguish
Humbug from a cleavage product of ASPH that has the same size as Humbug. However, ASPH is distinguished from Humbug based on Mr (∼86 kD and ∼140 kD) and its immunoreactivity to A85G6.
Western blotting was performed as described earlier except that 40 μg instead of 30 μg of sample protein were loaded per lane, and the p85 subunit of PI3 kinase was used as a loading control. For the duplex ELISAs, 100 ng protein in 50 μl Tris buffered saline (TBS) were adsorbed to the bottoms of 96-well MaxiSorp plates by overnight incubation at 4°C, and blocked for 3 hours with 1% bovine serum albumin (BSA) in TBS containing 0.05% Tween-20 (TBST). The samples were incubated with the A85G6 or A85E6 monoclonal antibody (0.1 μg/ml) for 1 hour at 37°C. Immunoreactivity was detected with HRP-conjugated secondary antibody and the Amplex UltraRed soluble fluorophore. Fluorescence intensity was measured (Ex 565 nm/Em 595 nm) in a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). After rinsing in TBST, the samples were incubated with biotin-conjugated antibodies to large ribosomal protein (RPLPO), and immunoreactivity was detected with streptavidin-conjugated alkaline phosphatase (1:1000) followed by the 4-Methylumbelliferyl phosphate (4-MUP)
fluorophore. Fluorescence (Ex360/Em450) was measured in a SpectraMax M5. Binding specificity was determined from parallel control incubations in which the primary or secondary antibody was omitted. The ratios of immunoreactivity corresponding to specific protein/RPLPO were calculated and used for inter-group comparisons [25, 26] .
Viability and motility assays with Lenti-transduced cells
Crystal violet dye or methylthiazolyidiphenyl-tetrazolium (MTT) reagents were used to measure effects of sh-ASPH on GBM viability in Lenti-transduced cells cultured for 24 hours in 96-well plates (2 × 10 4 cells/well). Crystal violet is a vital dye that is only taken up by live cells. After labeling, the cells were thoroughly washed in PBS, then lysed in PBS containing 0.1% Tween-20. The MTT assay, which measures cell viability and mitochondrial function, was performed using commercial reagents according to the manufacturer's protocol (Sigma-Adrich, St.
Louis, MO). Absorbances for CV (540 nm) and MTT (570 nm) were measured in a SpectraMax M5.
Directional motility was measured using the ATP luminescence-based motility and invasion (ALMI) assay [27] . The ALMI assay is similar to the Cytoselect assay described earlier with the following exceptions: 1) cells were seeded into each upper chamber in medium containing 0.1% FCS; 2) medium containing 1% FBS Article No~e00203 plus 10 ng/ml IGF-1 was supplied as the trophic factor in the lower chamber; 3) the upper and lower chambers were separated by 12 μm pore diameter polycarbonate filters; 4) cells were allowed to migrate for 30 minutes at 37°C in a CO 2 incubator; 5) cells harvested from the upper surface/chamber (non-motile), under surface of the membrane (motile adherent), and lower chamber (motile nonadherent) were quantified using the ATPlite assay (PerkinElmer, Warwick, RI).
Luminescence was measured in a TopCount (Packard Instrument Co., Meriden, CT). The calculated percentages of motile and non-motile cells were used in statistical analysis. ATP luminescence linearly correlates with cell number over a broad range [27] , and with the short duration of the assay, the contributions of cell proliferation to changes in ATP content were likely to have been negligible.
Data analysis
Statistical analyses were performed using GraphPad Prism 6.0 software (San Diego, CA). Kaplan Meier survival curves generated with data from samples with low versus high ASPH expression were compared using the Mantel Cox log rank test. Inter-group comparisons of mean levels of gene expression, immunoreactivity, or motility were made using one-way or two-way ANOVA and the post hoc Tukey significance test. Alternatively, for two-way group comparisons, data were analyzed using unpaired T-tests.
Results
ASPH is more highly expressed in GBM than diffuse astrocytoma
Formalin-fixed paraffin embedded histological sections of 11 human GBM ( Fig. 1A1-A4 ) and 11 diffuse astrocytoma ( Fig. 1A5-A8 ) were stained with Hematoxylin and eosin (H&E) (Fig. 1A1 and A5 ), while adjacent sections were immunostained to detect the Ki-67 marker of cellular proliferation ( Fig. 1A2 and A6 ), the astrocyte intermediate filament, glial fibrillary acidic protein (GFAP) (Fig. 1A3 and A7), and ASPH using the A85G6 + A85E6 monoclonal antibodies ( Fig. 1A4 and  A8 ). The study included 11 GBMs and 11 diffuse astrocytomas. ASPH protein was found to be more highly expressed in GBM than in diffuse astrocytoma. Higher levels of ASPH immunoreactivity were associated with higher cell densities, proliferation indices (Ki-67 nuclear labeling), and GFAP immunoreactivity.
Since ASPH expression has been linked to HIF-1α, the ASPH protein expression levels were compared in hypoxic ( Fig. 1B6-B10 ) and normoxic ( Fig. 1B1-B5 ) regions in the same GBMs. Locally hypoxic regions were characterized by the presence of pseudo-palisading necrosis ( Fig. 1B6 versus B1 ), higher proliferation indices ( Fig. 1B7 versus B2) , and higher levels of HIF-1α expression ( Fig. 1B10 versus B6). ASPH expression was higher in hypoxic ( Fig. 1B9 ) compared with normoxic ( Fig. 1B4 ) regions of GBM. In contrast, the levels of GFAP immunoreactivity were similar in hypoxic (Fig. 1B8 ) compared with normoxic ( Fig. 1B3) regions of GBM. The limited availability and archival nature of the Kaplan Meier analysis demonstrated significantly shorter progression-free and overall survival durations in patients with high ASPH expressing GBMs (MFI >30) compared with those identified as having low ASPH expressing GBMs (MFI <30; log rank p = 0.005 and 0.0008 respectively; Fig. 2 ).
Patients were also divided into groups according to the presence or absence of pseudo-progression, which is a positive indicator of treatment response and correlated with longer overall survival [1, 22] . Patients who initially responded to treatment then succumbed to disease had overall survivals of less than 6 months from diagnosis whereas those who developed pseudo-progression after their initial responses to treatment had a median overall survival of 23 months. Several patients within the pseudo-progression group remained alive with no evidence of disease progression for 4 years or more after surgery, or else they died 4 years or more post-surgery but with no evidence of disease progression.
3.3.
Multiplex analysis demonstrated higher gene expression of ASPH and its signaling mediators in GBM patients with shorter progression-free and overall survival
To further characterize how survival correlates with expression of ASPH and related signaling molecules, mRNA levels of ASPH, HIF-1α, NOTCH1, JAGGED1, HES1, and HEY1 were measured in formalin-fixed paraffin-embedded GBM biopsy specimens using a custom multiplex assay ( Fig. 3) ( Table 2 ). Gene expression was normalized to the HPRT1 housekeeping gene. Subjects were grouped according to overall median survival durations of less than 6 months (n = 21), 23 months (n = 10), or greater than 48 months (n = 6). ASPH expression was 3.5-fold higher in patients who had overall survivals of less than 6 months (n = 21) when compared to those who had survived for at least 4 years (n = 6) (p = 0.03) (Fig. 3A) . Similarly, HIF-1α, an upstream of ASPH, was more highly expressed in GBMs of patients with the shortest overall survival compared with those who survived for 4 years or more (p = 0.03) (Fig. 3B ). Lower levels of ASPH and HIF-1α were also observed in the middle group (n = 10) in which the patients initially responded to treatment but later developed true tumor progression. Their median overall survival was 23 months, which was intermediate between the 6 months survival observed in patients with high ASPH/HIF-1α expressing GBMs and the greater than 4 years survival in patients with low ASPH/HIF-1α expressing GBMs.
Corresponding with the results obtained for ASPH and HIF-1α, > 4 years survival was associated with significantly lower levels of NOTCH1 (Fig. 3C) , JAGGED1 (Fig. 3D), HES1 (Fig. 3E ) and HEY1 (Fig. 3F ) expression in GBMs, whereas 
ASPH and HIF-1α expression levels are elevated in mesenchymal subtypes of GBM
A recent study showed that enriched populations of circulating tumor cells in GBM patients expressed mesenchymal differentiation markers [28] , and that a subpopulation of those cells was highly migratory. To extend our investigations to an independent and larger data source, we interrogated The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov) database and found that the ASPH gene is expressed in both neural and mesenchymal subtypes of GBM, and that the highest expression levels are associated with the aggressive mesenchymal subtype of GBM (Fig. 4A) . Although ASPH is also elevated in the neural subgroup, a number of the other growth factors and cytokines that are responsible for mesenchymal transition are expressed at significantly lower levels (Fig. 4) .
Corresponding with the more aggressive behavior, mesenchymal GBMs with high levels of ASPH (n = 59) also expressed higher levels of HIF-1α (n = 31) compared with proneural (n = 55) or neural (n = 53) tumors (p < 0.0001 and p < 0.001, respectively) (Fig. 4B) . Similarly, TGF-β1 expression was significantly increased in mesenchymal GBMs relative to proneural (p < 0.0001), neural and classical (both p = 0.0001) GBM subtypes (Fig. 4C ).
Screening of small molecule inhibitors of ASPH's catalytic activity: One objective of these studies was to identify
Small molecule chemical inhibitors of ASPH (MO-Is) could potentially be used to inhibit growth and spread of GBMs in patients. To select the most effective MO-Is and optimize their doses for subsequent experiments, exploratory studies were used to screen a panel of 14 MO-Is (provided by Dr. Mark Olsen), assessing their inhibitory effects on A172 and U87 cell culture viability with the Alamar blue assay (Fig. 5) . The small molecules included in the panel were independently shown to inhibit ASPH's catalytic activity [15] . Representative results graphed in Fig. 5 
compare effects of 11 MO-Is: [A] MO-I-100, [B] MO-I-135, [C] MO-I-141, [D] MO-I-148, [E] MO-I-300, [F] MO-I-400, [G] MO-I-500, [H] MO-I-1000, [I] MO-I-1100, [J] MO-I-1200, and [K]
MO-I-5000 on mean percentage change in viability. One consistent finding was that inhibitory effects on A172 cell viability were detected at the lowest doses (0.5 nM), whereas responses in U87 cells were more varied (including stimulatory). In addition, the inhibitory effects of the MO-Is were generally greater in A172 cells compared with U87 cells (Fig. 5) . MO-I's that inhibited survival in both cell lines, i.e. MO-I-400, MO-I-500, MO-I-1100, MO-I-1151 (not shown) and MO-I-1200, were considered to have potential therapeutic value for GBM. These findings correspond with previous reports using the same Article No~e00203 approach to interrogate effects of the MO-Is on viability and motility in other malignant neoplasms, [7, 15] .
Small molecule inhibition of ASPH's catalytic activity significantly reduces cellular viability and directional motility in established GBM cell lines and primary experimental GBM cultures
Since ASPH has an important role in regulating tumor cell motility and invasiveness, and these ASPH functions are mediated via its catalytic domain, we hypothesized that selective ASPH inhibitors could be used to limit spread of GBMs. These in vitro experiments were conducted as proof of concept and designed to guide future in vivo experiments. Before conducting the small molecule inhibitor experiments, Western blot analysis was used to characterize basal expression ASPH and Humbug in human A172 and U87 cells (Fig. 6A) , and in tumor cells derived from a highly invasive mouse GBM model (Fig. 6D ).
A172 cells, which display mesenchymal morphology and aggressive cell growth [29, 30] , had higher levels of ASPH expression (∼86 kDa) than U87 cells; however Humbug, which mediates calcium flux from the ER, was more abundantly expressed in U87 compared with A172 cells (Fig. 6A ). Tumor cells isolated from invasive genetic mouse models of GBM that have autocrine/paracrine activation of EGFR (WTEGFR/TGFA) expressed high levels of ASPH and Humbug, whereas cells that express a ligand-independent EGFR mutant (EGFRVIII) in the context of tumor suppressor loss, had lower levels of ASPH but similarly high levels of Humbug compared with WTEGFR/TGFA cells (Fig. 6D) . Each Western blot lane was loaded with 30 μg of sample protein (measured using the BCA assay) and probed with polyclonal anti-ASPH. The blots were stripped and re-probed with anti-β-actin. Note that the mobility profiles of ASPH/Humbug and its fragments are not identical in human (Fig. 6A) and mouse ( Fig. 6D ) specimens, corresponding with their non-identical amino acid sequences.
Among the 5 MO-Is that had significant inhibitory effects on GBM cell viability (MO-I-400, MO-I-500, MO-I-1100, MO-I-1151, and MO-I-1200), the human GBM cells (A172 and U87) were most sensitive to MO-I-1100 whereas the murine GBM cells were most sensitive to MO-I-1151. Both MO-I-1100 and MO-I-1151
are under investigation in pre-clinical in vivo models of HCC [7] . Treatment of A172 cells with 5 μM or 20 μM MO-I-1100 for 48 hours reduced culture viability by 25% (p < 0.0001, n = 6) or 67% (p < 0.0001, n = 6) as demonstrated using the Alamar blue assay (Fig. 6B) . [ ( F i g . _ 6 ) T D $ F I G ] respectively ( Fig. 6B ; n = 6). In essence, higher levels of sensitivity to MO-I-1100 correlated with higher levels of ASPH expression (Fig. 6A ).
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In the murine GBM experiments, both WTEGFR and EGFRVIII tumor cells were sensitive to MO-I-1151, although the dose-effects differed for the two cell lines. As noted for the human GBM cells, higher levels of ASPH expression correlated with greater sensitivity to MO-I-1151's inhibitory effects on cell viability. Treatment of WTEGFR cells with 5 μM MO-I-1151 for 48 hours decreased viability by 49%
relative to vehicle (p = 0.02) (Fig. 6E ). Higher concentrations of MO-I-1151 (20 μM or 40 μM) produced modest further reductions in cell viability, i.e. 53%
relative to control (p = 0.01, n = 4). Corresponding with their lower levels of ASPH expression, EGFRVIII cells were less sensitive to MO-I-1151's inhibitory effects compared with WTEGFR cells such that twice the treatment dose, i.e. 10 μM instead of 5 μM was needed to significantly reduce culture viability by 41% (p = 0.04), and 40 μM was needed to reduce viability by 53 (p = 0.008%) (Fig. 6E ).
For each experiment using mouse GBM cells 4 independent cultures were analyzed per cell line and MO-I dose.
The effects of the MO-Is on directional cell motility were assessed using a transwell chamber assay. Treatment with 5 μM MO-I-1100 significantly reduced directional motility of A172 cells by 43% relative to vehicle (p = 0.02, n = 6) (Fig. 6C ). In addition, directional motility of WTEGFR-derived cells was significantly reduced by 57% (p = 0.005) and 74% (p-0.0008) following treatment with 5 μM and 20 μM MO-I-1151, respectively (Fig. 6F) . These inhibitory effects of the MO-Is on directional motility were distinguishable from their reductions in viability because the motility assays included only viable cells and they were conducted over a 6-hour window, whereas the viability assays were conducted over a 48-hour period.
sh-ASPH inhibition of ASPH expression reduces viability and directional motility in GBM cells
Additional experiments using Lenti-sh-ASPH infected U87 and A172 cells were performed to confirm that inhibition of ASPH reduces GBM cell viability and motility. Polyclonal anti-ASPH, and monoclonal A85G6 and A85E6 antibodies were used for Western blot analysis to detect ASPH, and after stripping the blots, they were re-probed with polyclonal antibody to the p85 subunit of PI3 Kinase as a loading control ( Fig. 7 ; also see Supplementary Figure 1 for full scale images of the blots). ASPH immunoreactivity was detected at ∼140 kDa. Lower Mr bands chamber type assay. Inter-group comparisons were made using one-way ANOVA with the post hoc Tukey multiple comparisons test.
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corresponded to the expected sizes of Humbug or ASPH's cleavage products of (Supplementary Figure 1) . For all 3 antibodies, Western blot analysis demonstrated that Lenti-sh-ASPH reduced ASPH protein expression in both U87 and A172 cells, whereas the levels of p85 immunoreactivity remained constant ( Fig. 7A and B) . In addition, the Western blot bands corresponding to Humbug had either similar intensities or only slightly reduced relative to Lenti-EV control infected cells (Supplementary Figure 1) . Note that the higher overall Western blot signals in Fig. 7 relative to Fig. 6 were attributed to the use of 40 μg of protein per lane (Fig. 7) rather than 30 μg/lane (Fig. 6 ).
Duplex ELISAs using the A85G6 (Fig. 8A) or A85E6 (Fig. 8B ) monoclonal antibody to ASPH demonstrated that cells transduced with Lenti-sh-ASPH had either significant or trend reductions in ASPH immunoreactivity compared with cells transduced with Lenti-EV, corresponding with the Western blot results.
Crystal violet and MTT assays were used to measure effects of sh-ASPH on U87
and A172 cell viability. Crystal violet is a vital dye that only labels live cells. In contrast, the MTT assay measures both cell viability and mitochondrial function.
U87 cells transduced with Lenti-sh-ASPH had significantly reduced Crystal Violet indices of viability (Fig. 8C ) and trend reductions in MTT (Fig. 8D) , whereas for the A172 cells, Lenti-sh-ASPH significantly reduced the mean levels of both CV and MTT ( Fig. 8C and D) . Therefore, inhibition of ASPH expression significantly reduced GBM viability.
The ATP-Lite Motility and Invasion (ALMI) assay was used to measure the effects of Lenti-sh-ASPH on directional motility, including in both adherent and nonadherent cell populations. The ALMI assay accounts for all cells in the Boydenlike chambers since ATP content, which is linearly correlated with cell number, is measured in non-migrated (remaining in the upper well of the chamber), migratedadherent (migrated through the pores but adherent to the under-surface of the culture insert), and migrated-non-adherent (distributed at the bottom of the well) populations. The mean total motility indices (migrated-adherent + migrated nonadherent) of Lenti-sh-ASPH transduced U87 (Fig. 8E) and A172 (Fig. 8F ) cells were significantly higher than corresponding cells transduced with Lenti-EV. Analysis of the motile cell subpopulations revealed that the main effect of sh-ASPH in both U87 and A172 cells was to significantly reduce the mean percentages of motile-adherent cells ( Fig. 8E and F) . In contrast, sh-ASPH either had no effect or it significantly increased the mean percentages of migrated nonadherent cells. The latter most likely reflects concurrent loss of cell adhesion functions in a subset of motile cells transduced with sh-ASPH. Given the short duration of the motility assay (30 minutes), the differential effects of Lenti-sh-ASPH could not be attributed to reductions in cell viability.
Discussion
Although progress has been made in characterizing molecular mechanisms of GBM development and behavior, further advances in therapeutics are needed to reduce GBM morbidity and mortality. The principle problem is that GBMs tend to be highly infiltrative, limiting surgical options and our ability to detect early stages of its spread. Therefore, an important consideration is the design therapeutic approaches that target mechanisms of GBM infiltration and invasiveness. ASPH cross-talks with several signaling pathways that drive invasive cell growth, motility, and invasion, including those that mediate infiltrative spread of GBM, e.g.
hypoxia, HIF-1α, IGF1/2, and NOTCH [4, 8, 9] (Fig. 9) . The ASPH, HIF-1α, NOTCH axis has been well characterized in hepatocellular carcinoma (HCC), neuroblastoma [12] , PNET [5] , and immature migratory cerebellar neurons [6] . The present study is the first to examine its expression in astrocytoma. Herein, we confirmed high levels or ASPH expression in high grade glioma (grade IV) at both the mRNA and protein levels. Immunohistochemical staining confirmed that higher levels of ASPH expression occurred in more aggressive GBMs compared with lower grade diffuse astroctyomas. Correspondingly, higher levels of ASPH correlated with increased cellularity (cell density) and proliferation indices as determined by Ki-67
Article No~e00203 nuclear staining indices. Finally, HIF-1α and ASPH were both more abundantly expressed in hypoxic compared with normoxic regions of the same GBM.
Invasive growth of tumor cells is regulated by the microenvironment and dependent upon interactions between the neoplastic cells and normal tissue elements and mechanisms that control remodeling. Epithelial-mesenchymal transition (EMT) is an adaptive process that mediates programmed changes in gene expression and function with phenotypic consequences [28] . This phenomenon has been well documented in epithelial tumors such as prostate and breast, and has been shown to have a regulatory role in causing cells to switch between proliferative and metastatic/invasive behavior [31] as occurs with progressive growth and spread of malignant neoplasms.
Hypoxia is a key mediator of this switch as it drives tumor cells away from proliferative behavior and towards invasive growth, angiogenesis, and eventually Article No~e00203 metastatic spread. Hypoxia is a prominent micro-environmental feature of astrocytomas. In high grade gliomas, particularly GBMs, rapid tumor cell growth, together with vascular thrombosis and hemorrhage, bolster oxygen requirements in the adjacent tumor-free tissue. Our analysis of the TCGA gene expression data showed both ASPH and HIF-1α are expressed at significantly higher levels in the mesenchymal subtype of GBM. This suggests that both ASPH and HIF-1α may be involved in the mesenchymal transition; this role for HIF-1α has already been described. Correspondingly, we observed that both ASPH and HIF-1α were most abundantly expressed in the most aggressive WHO grade IV gliomas, and that the expression levels of both were higher in hypoxic compared with normoxic regions of tumor. Together, these findings support our hypothesis that high levels of ASPH and HIF-1α expression correlate with more aggressive phenotypes of human gliomas.
Since hypoxic niches are well-known as sources of tumor initiation, i.e. glioma stem cells [32] , it would be of interest to study ASPH activity in this cell population. Targeting ASPH expression or catalytic activity in glioma stem cells could provide an additional means of eradicating the source of otherwise treatment-resistant tumors responsible for GBM recurrence and progression. In previous publications, the MO-I small molecule inhibitors were demonstrated to target ASPH's catalytic (hydroxylase) activity and inhibiting cell motility [7, 15, 16] . In addition, a number of publications have documented that mutation of ASPH's catalytic domain [9, 33] inhibits cell motility in a broad range of malignant neoplastic cells. Furthermore, as demonstrated in the present work, GBM cells transduced with Lenti-sh-ASPH resulting in sustained inhibition of ASPH expression, exhibited reduced viability and directional motility.
Correspondingly, si-RNA [5, 6, 34] or antisense oligonucleotides [12, 35] targeting ASPH and not Humbug, inhibit cell motility. Although catalytic activity was not specifically demonstrated to be inhibited by the MO-Is in the GBM cells, the most important consequence of inhibiting hydroxylase activity, i.e. cell motility [4, 12, 14] , was significantly decreased by exposure to selected MO-Is.
Unlike many of the inter-related signaling molecules that also correlate with poor clinical outcome, ASPH is the most exciting potential therapeutic target because it is not expressed at appreciable levels in the normal mature brain or in most normal adult tissues [10, 36] . Therefore, therapeutic targeting ASPH in GBM and glioma stem cells is attractive given the likelihood of sparing normal brain. In this regard, as ASPH is a Type 2 trans-membrane protein that is expressed on the surface of malignant neoplastic cells [10] , it is accessible to both immunotherapy and small molecule inhibition of its catalytic (hydroxylase) activity which is localized in the C-terminal domain. Correspondingly, we demonstrated reduced viability and directional motility in GBM cells treated with MO-Is targeting ASPH's catalytic site. Reduced viability via treatment with MO-Is was recently linked to enhanced tumor cell senescence [37] . What makes ASPH targeting in gliomas even more promising is that there is no evidence of mutation, and instead the gene and protein are over-expressed via cross-talk with other signaling pathways, e.g. insulin/IGF/ IRS. Inhibiting ASPH expression and/or catalytic activity blocks NOTCH activation [5, 16] and cross-talk with HIF-1α [5] , which promote cell motility and invasion. Conceivably, ASPH could represent a unique example of singletarget therapy for GBM, particularly for preventing recurrence and controlling progression in the context of multi-drug resistance. Small molecule inhibitors of ASPH's hydroxylase activity have already proven to be effective in preclinical studies of HCC [7] .
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